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INTRODUCTION  AND  SUMMARY 


The  Air  Force  Astronautics  Laboratory  <  A  F  A  L  )  is  exploring  the  feasibility 
of  fusion-powered  propulsion  and  is  continuing  to  play  a  vital  role  in  the 
push  for  its  development.  A  3-year  study  entitled  "Fusion  Fuel  Cross  Section" 
is  now  underway  at  the  AFAL.  For  this  study,  cross  section  data  for  advanced 
fuels  is  being  collected  and  a  computer  program  will  be  developed  to  utilize 
the  information  in  an  extension  of  the  results  obtained  in  the  "Barn  Book" 
t R e f .  11.  During  the  study  there  will  be  interim  reports  published  to  show 

progress  and  to  provide  up-to-date  information  with  a  final  report  published 
at  the  end  of  the  study. 

This  interim  report  builds  on  the  earlier  work  of  Jim  Pass  [Ref.  2]  who 
assembled  a  bibliography  of  all  known  thermonuclear  reactions  involving 
reactant  particles  up  to  and  including  b'1  (Boron-11).  In  this  report  the 

neutron- i nduced  reactions  have  been  eliminated.  In  later  work,  reaction 
specifics  including  cross  sections,  reaction  parameters,  and  curve-fit 
equations  will  be  compiled,  developed,  and  tabulated  for  the  reactions. 
Throughout  the  study  conclusions  will  be  made  concerning  which  data  are  most 
accurate  and  which  reactions  seem  to  be  the  best  candidates  for  propulsion 
fuels,  thus  giving  researchers  an  idea  of  where  to  focus  their  work.  The 
reports  which  evolve  will  serve  as  valuable  references  for  anyone  studying 
advanced  thermonuclear  reactions  and  their  respective  characteristics. 

Many  reasons  justify  Air  Force  interest  in  advanced  fusion  propulsion. 

In  particular,  the  limits  of  chemical  systems  are  driving  factors  to  search 
for  a  new  alternative.  Several  aspects  of  fusion  push  for  its  development. 
These  include  high  specific  impulse  (1500  to  10,000  seconds),  limited  neutron 
and  gamma-ray  production,  high  thrust,  and  environmentally  safe  exhaust 
products.  Such  possibilities  will  enable  space  missions  never  before  realized 
and  will  greatly  enhance  or  make  more  efficient  current  Air  Force  missions. 

This  report  includes  reaction  lists  which  have  been  cross-referenced 
extensively  to  insure  accuracy.  Cross  section  data  have  been  compiled  to 
produce  plots  for  some  of  the  reactions  viewed  as  promising  because  of 
negligible  production  of  harmful  radiation.  An  assessment  of  the  data  which 
is  currently  available  for  each  of  these  chosen  reactions  is  included. 
Additional  data  will  be  continually  collected  for  all  the  reactions  listed. 
Ultimately  the  final  report  will  include  comprehensive  information  for  each 
reaction. 
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Compiling  the  reaction  (fat  involved  a  re-exami  net  i  on  of  Moat  f  the 
references  u«*d  in  the  earlier  report  ttef.  2)  as  veil  as  a  detaileo 
inspection  of  additional  thermonuclear  reaction  references.  If  a  reaction 
listed  in  the  earlier  report  cOutd  not  be  found  in  available  resources,  the 
iource  referenced  in  the  earlier  report  is  referenced  once  again.  As 
additional  sources  become  available  in  the  future,  the  reactions  in  question 
aill  be  checked  for  their  accuracy.  The  search  for,  and  interpretation  of, 
cross  section  data  involved  contacting  fusion  experts  at  varioua  universities 
And  national  l eborator i es .  Two  national  laboratories  were  of  particular  help 
In  this  effort,  brookhaven  National  Laboratory  thef.  3)  provided  access  to 
its  huge  nuclear  cross  section  data  file,  and  Los  Alaboa  National  Laboratory 
(Ref.  4]  contributed  its  latest  cross  section  data,  which  was  fitted  using  R- 
batrix  analysis.  In  addition,  the  Fusion  Studies  Laboratory  of  the  University 
of  Illinois  at  Urbana-Champaign  was  timely  in  sending  up-to-date  data  for  the 
Ne^-Ne^  reaction. 

Some  interesting  developbents  have  emerged.  Differences  between 
previously  published  data  and  the  data  available  here  are  presented,  and  other 
notable  points  are  discussed  in  the  section  entitled  "CROSS  SECTION  NOTES  AND 
8RAPHS . "  An  assessment  of  the  available  data  and  recommendations  for  further 
research  accompany  it.  Future  aims  of  the  study  are  roughly  outlined  as  well. 
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THERMONUCLEAR  REACTION  BIBLIOGRAPHY 


On  the  next  feu  pages  are  lists  of  possible  fuels  for  fusion  propulsion 
systems.  Neut ron- i nduced  reactions  have  been  excluded  from  the  bibliography, 
as  the  aim  of  this  interim  report  is  to  look  closely  at  cicss  section  data  for 
a  feu  hopeful  reactions.  Later  in  this  study,  a  report  uhich  includes  the 
neutron- based  reactions  may  be  published  as  a  tool  for  determining  the 
constituent  reactions  of  a  fuel  cycle.  Until  such  a  time,  consult  the  earlier 
bibliography  (Ref.  2  J  for  this  information.  Neutron  reactions  are  also 
documented  in  other  sources,  such  as  S.  Flugge's  uork  (Ref.  51. 

BACKGROUND 

Since  the  1 95  0 ' s  ,  no  large  efforts  have  been  made  to  discover 
thermonuclear  reactions  in  the  isotopic  range  betueen  H1  and  B11.  Thus,  the 
uorks  of  S.  Flugge  (Ref.  5]  and  others  remain  important  sources  to  this  day. 
Current  efforts  exploit  these  knoun  reactions,  but  do  not  attempt  to  find  neu 
ones.  Thus,  the  compilation  presented  here  should  not  be  vieued  as  complete. 
There  may  be  additional  reactions  remaining  to  be  found,  and  increased 
interest  in  fusion  may  lead  to  their  discovery.  It  should  be  noted  that  many 
independent  data  sources  comprise  Ref.  3,  a  fact  uhich  should  explain 
seemingly  conflicting  information  in  the  follouing  pages.  This  may  also 
surface  in  reference  to  other  sources. 
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LIST  OT  IVKIOIS  {Ref.  2) 


?  *  Q(MeV)  vatu**  taken  fro*  Ref.  2  or  calculated  uiing  th*  aass  defect 
foraul a: 


Q  *  l(aa  ♦  ab )  -  (ac  ♦  ad  ♦  *  C 

C  *  931.481  HaV/aau 
aa  »  aaa*  of  target  particle 
•  -  ■)  *  aaaa  of  incident  particle 
ac,  ad,  ...  *  ******  of  reaction  product* 


Tha  two  notations  for  a  theraonuc t ear  reaction  are  related  a*  follow*: 
a  ♦  b  ---»  c  ♦  d  ♦  ...  *  a(b,c)d  ♦  ...  , 


where  th*  specie*  within  the  parentheses  are  th*  particle*  of  tastiest 
reactant  aass  <b)  and  saallest  initial  product  last  (c).  Th*  second 
notation  is  used  in  conjuction  with  th*  cross  section  graphs. 


Other  syabols  used: 


*  *  isotop*  in  excited  state 
g  «  gaaaa-ray 
*'  *  electron 
e  •  positron 
n  «  neutron 
p  «  proton 
d  *  deuttron 
t  *  tri ton 

--->  ■  this  arrow  separates  reactants  and  products 
-->  »  reaction  product  preceding  this  arrow  decays  as  follow* 

h,3.4,5,6  ,  h* l i ua- 3 , 4 , S , 6 
Li5,6,7.8  ,  tithiua-5,6,7,8 


8e7' 8'9'10  ■ 
,9.10,11.12 

c10,11, 12, 13, 14 

*13.14  , 


8er y l t  t  ua- 7 , 8 , 9 , 1 0 
■  Soron-9, 10, 1 1,12 
■  Carbon- 10, 1 1,12,13,14 
M i t  rogen  -  13,14 


NOTE:  Ml  reactions  are  listed  by  increasing  atoaic  nuaber  of  the  target 

nuclide.  For  a  reaction  with  aore  than  on*  branch,  reactant 
particles  are  listed  only  once,  with  each  branch's  products  given 
on  a  separate  line. 
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PROTOM- INDUCED  REACTIONS 

p  ♦  p  ---»  e*  ♦  d  ♦  1.42  MeV  tRef.  51 

p  ♦  d  - >  g  ♦  He3  ♦  5.50  (♦/-  0.03)  MeV  tRef.  51 

-  -  - »  n  +  2p  -  2.2  MeV  tRef .  61 

-  2.227  (♦/-  0.002)  MeV  tRef.  5) 

p  ♦  t  --->  g  ♦  He4  ♦  19.7  MeV  tRef.  51 

- >  n  ♦  He3  -  0.76  MeV  tRef.  6) 

-  0.764  <♦/-  0.001)  MeV  tRef.  51 

-  0.765  MeV  tRefs.  7,8,9,101 

-  0.8  MeV  tRef*.  11,12] 

- >  2n  *  2p  -  8.48?  MeV  tRef.  3] 

- >  n  ♦  p  ♦  d  -  6.26?  MeV  tRef.  3] 

p  ♦  Li6  ---»  He3  ♦  He4  tRef.  131 

♦  4.02  MeV  tRef * .  6,14] 

+  4.022  MeV  tRef*.  9, 101 

♦  4.023  Mev  tRef.  5] 

He3  C  2 . 3  )  ♦  H  e4 ( 1  .  7  )  «  4.0  MeV  tRef.  15] 
He3(2.298)  ♦  Heft(1 . 724)  *  4.022  MeV  tRef.  81 
--->  p*  ♦  Li6*  -  2.2  MeV  tRef.  12] 

--->  p*  ♦  d  ♦  He4  -  1.5  Mev  tRef.  121 
--->  d  ♦  p  ♦  He4  -  1.5  Mev  tRef.  161 

- >  d  ♦  li5  -->  p  ♦  He4  ♦  (-3.2  ♦  1.8)  MeV  tRef.  16) 

-  -  - »  g  ♦  Be7  tRef  .  51 

♦  5.606  MeV  tRef .  17) 

p  ♦  Li7  ---»  n  ♦  Be7  -  1.6  MeV  IRef.  15] 

-  1.63  MeV  (Ref.  17] 

-  1.645  IRef.  5] 

• 

--->  2He4  ♦  17.3  MeV  tRef.  15] 

♦  17.346  MeV  tRef.  5) 

♦  17.5  MeV  tRef.  6) 

2He4(8.674  each)  *  17.348  MeV  tRef.  18) 

- »  g  ♦  Be8  -->  2He4  ♦  17.35?  MeV  tRef.  5) 

- >  Be8*  -->  2He4  ♦  17.3  MeV  tRef.  12) 

--->  d  ♦  Li6  -  4.93?  MeV  (Ref.  5] 
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P  ♦  *e7  ---»*♦•*♦  8.138  HeV  (Ref.  171 

R  ♦  l** - »  n  ♦  |>  ♦  Re8  2Re4  -  1.67  HrV  [Ref.  53 

- »  n  ♦  B9  -->  p  ♦  2He4  -  1.852  HeV  (Ref.  5] 

--•»  He4  ♦  U8  ♦  2.1  HeV  (Refs.  19.201 

♦  2.125  HeV  [Ref.  91 

♦  2.126  ReV  [Ref  .  5] 

♦  2.13  HeV  [Ref.  141 

He4(  1 . 275  )  +  L  I8 <  0-.  8501  »  2.125  ReV  [Ref.  181 

--->  »  ♦  810  (Ref.  51 

♦  6.385  HeV  [Ref .  171 

- -  d  ♦  2He4  ♦  0.56  ReV  [Ref.  141 

♦  0.7  HeW  [Ref a .  19, 201 

- >  d  ♦  8e8  -->  2 Me4  [Ref.  3] 

♦  0.651  [Ref.  171 


--->  t  ♦  Be7  -  12.17  NeV  (Ref.  11 


-  -  > 

B10«(6.88) 

•  .295 

»'*V 

[Ref .  201 

-  -  > 

He4  ♦  Be7  ♦ 

1 .148 

k«v 

[Ref.  5] 

♦ 

1.147 

[Ref.  91 

-  -  > 

n  ♦  C10  --> 

B10  ♦ 

♦ 

e 

-  4.35  Hew 

-  -  > 

9  ♦  C 1 1  ••> 

B11  ♦ 

♦- 

• 

[Ref.  91 

♦  8.6*0  ReV  (Ref.  17]1 

- >  d  ♦  B9  -->  p  ♦  2»e4  -  5.877  Rev  [Ref.  Si 

- t  ♦  B8  --»  e*  ♦  Be8  -->  2 He 4  -  1.00  ReV  (Re-f.  53 

---»  Be5  ♦  Be8  2He4  [Ref.  51 

-  0.442  RiV  [Ref.  171 
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>  He4  ♦  8e8(ground  state)  -*>  2H e4  [Ref.  21) 

»  He4  ♦  Be8*  [Ref.  211 

>  He4  ♦  Be8  -->  2 H e4  ♦  8.585  HeV  [Ref.  5) 

>  3 H e4  [Ref.  211 

*  8.7  HeV  [Refs.  15,19,21,22,23,24,25] 

*  8.68  HeV  [Ref.  14] 

3He4 ( 2 . 888  each)  *  8.664  HeV  [Ref.  9] 

>  n  ♦  C11  --»  B11  ♦  e*  -  2.762  HeV  [Ref.  5] 

>  g  ♦  C12  [Ref.  5] 

♦  15.956  HeV  [Ref.  17] 

>  d  ♦  B 1 0  -  9.10  HeV  [Ref .  5) 

>  C12*  ♦  16.11  HeV  [Ref.  26] 

*  16.58  HeV  [Ref.  26] 
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DEUTEROM-  1KDUCED  RE  ACT  I  OHS 


d  ♦  d  - >  2n  ♦  2p  -  4.45?  MeV  [Ref.  3) 

...»  n  ♦  p  ♦  d  -  2.22?  MeV  [Ref.  3] 

-•->  n  ♦  He3  tRef.  27] 

♦  3.2  MeV  [Ref.  19] 

♦  3.267  MeV  [Ref.  10] 

+  3.27  MeV  (Ref*.  6,28] 

♦  3.3  MeV  [Ref*.  11,12,14,16,23] 

n (  2 . 4  5  0  )  +  He3 ( .817)  »  3.267  MeV  [Ref*.  8,9] 
n(2.45)  ♦  He3<0.82)  *  3.27  MeV  [Ref*.  2,15,22] 

-  - ->  p  ♦  t  [Ref.  27] 

♦  4.0  MeV  [Ref*.  11, 12,14-, 16, 19, 2 3] 

♦  4.03  MeV  [Refs.  6,28] 

p( 3 . 02 )  ♦  t(1.01)  =  4.03  MeV  [Refs.  15,18,22,29] 
p( 3 . 024 )  ♦  t ( 1 .008)  *  4.032  MeV  [Ref.  8] 

d  ♦  t  - -  g  ♦  Me5  -->  n  ♦  He4  ♦  17.6?  MeV  [Ref.  29] 

--->  He5*  --»  n  ♦  He4  ♦  16.69  MeV  [Ref.  26] 

- >  n  ♦  p  ♦  t  -  2.2  MeV  (Ref.  6] 

-*->  2 n  ♦  He3  -  3.0  MeV  [Ref.  6) 

--->  n  ♦  He4  ♦  17.586  MeV  [Ref.  10] 

♦  17.6  MeV  (Refe.  6,11,14,16,19,21,23,25,28] 

n (  1  4 . 1  )  ♦  H  e4 ( 3 . 5 )  »  17.6  MeV  [Ref*.  15,18,22,29] 

- >  n*  ♦  He4  ♦  17.6  MeV  [Ref.  19] 

-•->  g  +  n  ♦  He4  +  17.589  MeV  [Ref.  17] 
d  ♦  He3  --->  U5*  -->  p  ♦  He4  ♦  16.81  MeV  [Ref.  26] 

- >  g  ♦  Li5  --»  p  ♦  He4  ♦  18.4?  MeV  [Ref.  3] 

- »  n  ♦  p  ♦  He3  -  2.2  MeV  [Ref.  6] 

--->  p  ♦  He4  ♦  18.3  MeV  [Ref*.  19,21,23,28] 

♦  18.4  MeV  [Ref*.  11,12,16] 

♦  18.341  MeV  [Ref.  9] 

♦  18.351  MeV  [Ref.  10] 

p( 1 4 . 7)  ♦  He4 ( 3 . 6  )  -  18.3  MeV  [Ref*.  15,30] 
p< 1 4 . 681 )  ♦  He4 (3. 670)  *  18.351  MeV  [Ref.  8) 
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d  ♦  He3  - >  p* ( 1 4 . 68 )  +  He4*(3.67)  *  18.35  MeV  IRef.  7] 

d  ♦  He4  --->  n  +  p  ♦  He4  -  2.2  MeV  tRef.  61 

- >  p  *  Me5  -->  n  +  He4  -  2.22?  MeV  tRef.  31 

d  +  Li6  - »  9  ♦  n  +  Be7  ♦  3.38?  MeV  [Ref.  31 

- >  n  ♦  He3  ♦  He4  ♦  1.72  MeV  tRef.  6] 

♦  1 .796  MeV  tRefs.  9,101 

♦  1.8  MeV  tRefs.  11,12,19} 

n( 1 . 1 34 )  ♦  H e3 ( 0 . 3 78 )  ♦  He4(0.284)  *  1  .  796  MeV  tRefs.  2,8] 

- >  n  ♦  Be7  ♦  3.34  MeV  tRef.  6} 

♦  3.40  MeV  tRefs.  5,11,12,16,19] 

n ( 2 . 95 7 )  ♦  Be7(0.423)  =  3.380  MeV  IRefs.  8,9) 

- >  n  ♦  Be7  -->  n  ♦  He3  ♦  He4  ♦  6.28?  MeV  tRef.  13) 

--->  p  +  Li7  ♦  5.0  MeV  tRefs.  11,12,16,19] 

♦  5.02  MeV  tRef.  61 

♦  5 . 026  MeV  tRefs  .  9,101 
+  5.027  MeV  tRef.  51 

p ( 4 . 398 )  ♦  Li  7(0.628)  =  5.026  MeV  tRefs.  8,18] 

--*>  p  ♦  li7  -->  p  ♦  t  ♦  He4  ♦  4.73?  MeV  tRef.  13] 

-•->  p  +  li7'  -->  g  ♦  li7  ♦  (4.54  ♦  0.45)  MeV  tRef.  6] 

--->  p  ♦  t  ♦  He4  ♦  2.557  MeV  tRef.  171 

♦  2.561  MeV  IRefs.  9,10) 

♦  2.6  MeV  tRefs.  11,12,16,19] 

--->  t  ♦  li3  -->  p  ♦  He4  ♦  (0.9  ♦  1.6)  MeV  tRef.  6) 

t ( 0 . 539 )  ♦  p ( 1 . 6 1 8  )  +  Ke4(0.404)  *  2.561  MeV  tRefs.  8,18) 
- »  He3  ♦  He5  -->  n  ♦  He4  ♦  (0.8  ♦  1.0)  MeV  [Ref.  161 

--->  2 H e4  ♦  22.373  MeV  tRef.  10] 

♦  22.39  MeV  [Ref.  5) 

♦  22.4  MeV  [Refs.  6,11,12,15,16,19,22) 

2He4(11.187  each)  =  22.374  MeV  [Refs.  8,9,18) 

d  +  li7  --->  g  ♦  2n  ♦  Be7  -  3.87?  MeV  [Ref.  3] 

- >  g  ♦  p  ♦  Li8  --»  e"  ♦  Be8  -->  ZHe4  ♦  15.4?  MeV  [Ref.  3) 

-->  2He4  ♦  15.9?  MeV  [Ref.  3) 

---»  2 n  +  Be7  -  3.869  MeV  (Ref.  17) 
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d  ♦  Li7  --->  n  ♦  Be*  2Be4  ♦  15.8  NeV  CBefe.  5,61 

n (  1 0 . 082 )  ♦  2Be4<2.521  eech)  -  15.124  NeV  CBef.  18) 

- >  p  ♦  It®  •'  *  8*®  2He4  ♦  (-0.2*  ♦  16.0)  NeV  lief.  6] 

--->  C  ♦  Li6  -  0.995  NeV  CBef.  6) 

-•-»  Me4  ♦  He5  --»  n  ♦  Be4  ♦  14.2  NeV  CBef.  5) 

---»  Be9*  ♦  16.674  Me v  {Bef.  26) 

d  ♦  Be7  --->  p  ♦  2He4  *  16.7  NeV  CBef.  16) 

*  16.766  NeV  CBef.  17) 


PC11. 179)  ♦  2He4 ( 2 . 795  eech)  >  16.769  NeV  CBef.  18) 


d  ♦  Be9  --->  a  ♦  B11  ♦  15.6?  NeV  CBef.  5) 
--->  p  ♦  Be10  ♦  4.568  NeV  CBef.  5) 
--->  n  *  B10  ♦  4.35  NeV  CBef.  5) 


-•->  t  ♦  Be®  -->  2l»e4  ♦  4.68?  NeV  CBef.  3) 

•-->  He4  ♦  U7  ♦.  7.153  NeV  CBef.  5) 

«*  ♦  •  **  -•-»  p  ♦  6n  ♦  9.235  NeV  CBef.  5) 

*--»  n  ♦  c"  •*>  611  ♦  e*  ♦  6.6  NeV  CBef.  5) 

- >  He4  ♦  Be*  --»  2N*4  *  17.66  NeV  CBef.  5) 

d  ♦  b11  >  n  ♦  C12  ♦  13.8  NeV  CBef.  5) 

--->  2»  ♦  C*1  -  4.99?  NeV  CBef.  3) 

- >  p  ♦  B12  e'  ♦  C12  ♦  1.137  NeV  CBef.  3) 

-->  He4  «  Li*  -->  e*  ♦  Be®  -->  2Be4' 

1.137  Nev  CBef. 

--->  He4  ♦  Be9  ♦  8.016  NeV  CBef.  5) 


31 


TRITON- INDUCED  REACTIONS 

t  ♦  t  ---»  n  +  He*  -->  n  ♦  He4  ♦  11.4  NeV  [Ref.  6) 

---»  2n  ♦  He4  [Ref.  271 

♦  11.3  MeV  [Ref s .  11,15,221 

♦  1 1 .328  NeV  [Ref.  101 

♦  11.4  MeV  [Ref.  6} 

2n( 5 . 034  each)  ♦  He4{1.259)  «  11.327  MeV  [Refs.  8,9,181 

t  ♦  He3  --->  d  ♦  He4  ♦  14.3  MeV  [Refs.  6,11,161 

♦  14.319  MeV  [Refs.  9, 10] 

d ( 9 . 5  )  ♦  He4 ( 4 . 8  )  =  14.3  MeV  [Refs.  15,221 

d ( 9 . 5 46 )  ♦  Me4 ( 4 . 773 )  *  14.319  MeV  [Refs.  8,181 

---»  p  ♦  He5  --»  n  ♦  He4  ♦  12.093  MeV  [Ref.  10] 

♦  (11.3  ♦  1.0)  MeV  [Ref  .  6] 
p ( 1 1 . 9  )  ♦  He* ( 2 . 4  )  «  14.3  MeV  [Refs.  15,221 

--->  n  ♦  p  ♦  He4  ♦  12.092  MeV  [Ref.  9) 

♦  12.1  MeV  [Refs.  6,11,15,221 

n ( 5 . 3 74  )  ♦  p( 5 . 374 )  ♦  He4(  1  .344  )  *  12.092  MeV  [Refs.  2,18] 

- >  p(  1 0 . 077 )  ♦  He*  --»  He4(0.403)  ♦  n(1.612)  * 

12.092  MeV  [Kef .  81 

---»  n  ♦  LI*  --»  p  ♦  He4  ♦  12.093  MeV  [Ref.  10] 

♦  12.1  MeV  [Ref.  11) 

♦  (10.3  ♦  1.3)  MeV  [Ref  .  6) 

-->  p(  5 . 3  74  )  ♦  n ( 5 . 3  74  >  ♦  He4{  1  .344)  * 

12.092  MeV  [Ref.  8] 


g  ♦  Li7  ♦  2.467 

NeV 

[Ref  . 

17] 

n  ♦  Li6  -  4.784 

MeV 

[Ref  . 

17] 

1 1 


*  *  tf4  ---»  (  ♦  p  ♦  tl8  -->  e  ♦  Re8  2Be4  ♦  1*.*?  He  v  (Ref.  31 

-->  2»e4  ♦  16.9 ?  »«V  [Ref.  31 

-•->  d  ♦  Li7  ♦  a. 994  deV  (Ref.  1 71 

♦  9.999  dev  [Ref.  6] 

♦  1.0  deV  tRefe.  12.161 

--•>  d  ♦  tf7*  -->  g  ♦  LI7  ♦  (0.509  ♦  0.451  deV  [Ref.  61 

--*>  2i»  ♦  *e7  -  2.976  dev  (Ref.  171 

--->  9  *  l»*  ♦  0.9  dev  [Ref.  161 

-•>  e  ♦  2 Re4  ♦  0.900  dev  [Ref.  6] 

*-->  n  ♦  Be8  -->  2*e4  ♦  t6.0  dev  [Ref.  6] 

*-->  n  ♦  2Me4  ♦  16.0  deV  [Ref.  61 
♦  16.1  deV  (Ref.  161 

---»  •  ♦  Re’  ♦  17.7?  He V  (Ref.  51 

- >  Me4  ♦  He5  -->  n  ♦  He4  ♦  16.1?  deV  [Ref.  51 

t  ♦  U7  ---»  g  ♦  d  ♦  ll*  -->  e"  ♦  Re8  '-»  2Re4  ♦  11.4?  deV  (Ref.  31 

**>  2He4  ♦  11.9?  dev  [Ref.  31 

--->  2 n  ♦  2«e4  [Ref.  61 

•*•>  2n  ♦  ZRe4  ♦  9.99  deV  [Ref.  61 

2n{ 6 . 049  each)  ♦  2Ne4(1.512  each}  ■  15.122  deV  [Ref.  181 

---»  n  ♦  Re9  ♦  10.4  deV  [Ref.  121 

♦  10.52  dev  [Ref.  6] 

•--»  2r*  ♦  Re8  --»  2»e4  ♦  8.83  deV  [Ref.  61 
- -  2n  ♦  2He4  ♦  8.8  deV  (Ref.  121 

-*-»  n  ♦  He4  ♦  He5  -->  n  ♦  He4  ♦  (8.08  ♦  1.0)  HeV  [Ref.  61 

--->  p  ♦  U9  -->  e'  ♦  te9  ♦  10.7?  dev  [Ref.  31 
n  ♦  2He4  ♦  9.65?  dev  (Ref.  3] 

- »  d  ♦  LI8  -->  e'  ♦  Be8  --»  2He4  ♦  11.4?  deV  (Ref.  31 

--»  2de4  ♦  11.9?  dev  [Ref.  3} 

- >  He4  ♦  He6  --»  e'  ♦  U6  ♦  9.93  deV  [Ref.  61 
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t  ♦  Be 


7  - >  p  ♦  n  +  2He4  [Ref.  2] 

p( 4 . 204 )  +  n ( 4 . 2 04  )  ♦  2He4(1.051  each)  =  10.510  MeV  [Ref.  2] 
t  ♦  Be9  ---»  n  ♦  B11  ♦  9.56?  MeV  [Ref.  3] 

t  ♦  B10  --->  Be7  ♦  He6  -->  e*  ♦  U6  -  3.36?  MeV  [Ref.  3] 

- >  p  ♦  B12  -->  e'  ♦  C12  ♦  19.2?  MeV  [Ref.  3) 

-->  He4  ♦  Li8  e*  ♦  Be8  -->  2He4  + 

11.9?  MeV  [Ref .  3) 

-->  2He4  +  12.4?  MeV  [Ref.  3] 

- >  p  ♦  He4  ♦  Li8  -->  e’  ♦  Be8  --»  2He4  ♦  11.9*  MeV  [Ref.  3] 

-->  2He4  ♦  12.4?  MeV  [Ref.  3] 
t  +  Bn  -*->  2 H e4  ♦  He6  -->  e‘  ♦  Li6  -  39.5?  MeV  [Ref.  3j 
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RBLIUM-3- inucec  REACT  tORS 


He3  ♦  Re3  - >  p  ♦  li5  -->  p  ♦  H*4  ♦  (11.1  ♦  1.8)  ReV  [Ref.  16) 

--->  ip  *  He4  [Ref.  6) 

♦  12.861  N«V  (Ref.  9] 

♦  12.9  HeV  [Refs.  21 ,25) 

2p(5.716  each)  ♦  *e4(1.429)  =*  12.861  ReV  [Ref.  16) 

Re3  ♦  Me4  --->  «  ♦  8e7  *•  1.588  ReV  (Ref.  17) 

He3  ♦  Li4  *-->  p  ♦  Be®  (Ref.  6] 

♦  16.63  ReV  [Ref.  13) 

♦  16.92  ReV  [Ref.  13) 

--->  p*  ♦  Be®*  [Ref.  6) 

p  ♦  8e®(ground  state)  --»  2-He4  [Ref.  13) 

- >  p  ♦  Be®  -->  2»e4  ♦  16.8  ReV  [Ref.  6) 

- »  p  ♦  Be®*  -->  a  ♦  2He4  ♦  (13.9  ♦  2.9)  ReV  [Ref.  6] 

- »  p  ♦  Be® ( 2 .94  ReV)  -->  Re4  ♦  LI5  --»  p  ♦  He4  [Ref.  13) 

--->  g  ♦  B9  -->  p  ♦  2He4  ♦  16.9?  NeV  [Ref.  5) 

--->  n  ♦  B®  ••>  e+  ♦  Be®  -->  2He4  ♦  15.6?  Rev  [Ref.  5) 

-->  e*  ♦  2  Re4  ♦  (-2.8  ♦  18.0)  r*ef .  16) 

--->  d  ♦  Be7  [Refs.  5,13) 

♦  0.1  ReV  [Refs.  12, 16, .31) 

♦  0.113  ReV  [Ref.  9) 

- >  d  ♦  Be7*  [Ref.  13) 

--->  p  ♦  2He4  (Ref.  5) 

♦  16.8  ReV  [Refs.  14,16) 

♦  16.880  ReV  [Refs.  9,10) 

♦  16.9  ReV  [Ref.  31) 

p  ( 1 1 .258)  ♦  2He4  (2.813  eeefi)  *  16.884  ReV  [Ref.  8) 

- >  He4  ♦  Li5  --»  p  ♦  He4  ♦  16.9  ReV  [Ref.  12] 
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He 


3 


L  i 


He 


Be 


He3  ♦  B10 


- >  n  ♦  B9  -->  p  ♦  8  e8  --»  2He4  ♦  (9.3  ♦  0.3)  MeV  (Ref.  6) 

--->  n  ♦  p  ♦  Be8  --»  2He4  +  (9.5  ♦  0.1)  MeV  (Ref.  6) 

n ( 3 . 85 2 )  ♦  p ( 3 . 85 2 )  ♦  2He4(1.512)  =  10.728  MeV  (Ref.  18) 
---»  p  ♦  Be9  ♦  11.2  MeV  (Ref.  6) 

--->  d  +  Be3  -->  2He4  ♦  (11.7  ♦  0.1)  MeV  (Ref.  6] 

- >  t  ♦  Be7  -  0.881?  MeV  (Ref.  3) 

-  - -»  2 p  ♦  2He4  (Ref .  181 

2p( 4 . 5 1 0  each)  ♦  2He4(1.127  each)  =  11.274  MeV  [Ref.  18) 

- >  He4  ♦  Li6  ♦  13.3  MeV?  [Ref.  5) 

- »  n  ♦  He4  ♦  Be7  ♦  0.014?  MeV  [Refs.  3,26) 

--->  2 n  ♦  C10  -->  e*  ♦  B10  -  2.43?  MeV  [Ref.  3) 

- »  p  ♦  B11  ♦  10.3?  MeV  [Ref.  5) 

--->  p  ♦  B11*  ♦  10.32  MeV  [Ref.  26) 

--->  n  ♦  C11  -->  e*  ♦  B11  ♦  9.02?  MeV  [Ref.  5) 

---»  He4  ■*  Be8  -->  2He4  ♦  19.0?  MeV  [Ref.  5) 

--->  He4  ♦  Be8*  ♦  18.94  MeV  [Ref.  26) 

--->  p  ♦  C12  ♦  19.7?  MeV  [Ref.  5) 

--->  p  ♦  C12*  ♦  19.67  [Ref.  26) 

- >  t  ♦  C10  --»  e*  ♦  B10  -  0.530?  MeV  [Ref.  3] 

--->  He4  ♦  B9  -•>  p  ♦  2  He4  ♦  12.4?  MeV  [Ref.  5) 

--->  d  ♦  C11  -->  e *  *  B11  ♦  4.73?  MeV  [Ref.  5) 

---»  Li6  +  Be7  -  2.87?  MeV  [Ref.  3) 

--->  p  ♦  C13  ♦  13.2?  MeV  [Ref.  5] 

--->  d  ♦  C12  +  10.6?  MeV  [Ref.  5) 
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NEL1UR-4(ALPNA-PARTICLE)*  INDUCED  REACTIONS 


He4  ♦  U4 


He4  ♦  U7 


He 


4  *  8.’ 


4  10 

He*  ♦ 


H.4  ♦  811 


- -->  8  ♦  B10  (Ref.  51 

♦  4.460  NeV  (Ref.  17] 

--->  p  *  Be9  -  2.1  ReV  (Refs.  1Z.161 
-  2.125  ReV  (Ref.  17) 

--->  d  ♦  2 Re4  -  1.475  Rev  (Ref.  17] 

---»  Ne4*  ♦  li4*  ->»  d  ♦  Re4  -  1.5  Rev  (Ref.  12) 

•-->  r  ♦  B1’  ♦  8.657  ReV  (Ref.  5] 

--->  n  ♦  810  -  2.761  ReV  (Ref.  3) 

---»  n  ♦  Ne4  ♦  Be8  -->  2Ne4  -  1.57?  ReV  [Ref.  3] 

- »  n  ♦  3He4  -  1.573  ReV  (Ref.  9] 

...»  p  *  g1J  -->  «  ♦  c12  -  6.92  ReV  (Ref.  5] 

He4  ♦  U8  e  ♦  Be8  -*»  2Ne4 

•  6.92  ReV  (Ref. 


•--»  n  ♦  C12  ♦  5.7  Rev  (Ref.  161 
♦  5.71  ReV  (Ref.  51 


n<5 

.263) 

♦ 

C12<0.439>  •  5.702  ReV 

[Refs.  9,181 

d  ♦ 

B11 

* 

7.957  ReV  (Ref.  51 

P  ♦ 

C13 

♦ 

4.08  ReV  (Ref.  5] 

n  ♦ 

N13 

>  e*  ♦  C13  ♦  2.737  ReV 

[Ref.  5) 

d  ♦ 

c12 

♦ 

1.40?  ReV  (Ref.  5} 

n  ♦ 

RU 

♦ 

0.158  ReV  (Ref.  9) 

♦ 

0.159?  Rev  (Ref.  5] 

P  ♦ 

c14 

♦ 

8.75  ReV  (Ref.  3) 

♦ 

0.784  ReV  (Ref.  9) 
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UTHIUH-6- INDUCED  REACTIONS 

Li6  ♦  Li6  --*>  p  ♦  B11  +  12.215  MeV  [Ref.  17] 

+  12.2  M e V  [Ref  .  31] 

p(  1  1  . 200 )  ♦  B^1<1»01S)  =  13.218  MeV  [Ref.  18] 

_ -  - >  p  ♦  n  ♦  8  ^  +  0.8  MeV  [Ref.  31] 

--->  p  ♦  t  ♦  2He4  ♦  1.1  MeV  [Ref.  31] 

--->  p  ♦  He4  ♦  L i 7  ♦  3.5  MeV  [Ref.  31] 

--->  2p  ♦  Be10  ♦  1.0  [Ref.  31] 

--->  n  ♦  He4  *  Be7  ♦  1.9  MeV  [Ref.  31] 

♦  1.906  MeV  [Ref.  17] 

n (  1  .370)  ♦  He4  C  0 . 362 )  ♦  Be7(0.196>  =  1.908  MeV  [Ref. 
--->  n  ♦  Ke5  ♦  2He4  ♦  0.3  MeV  [Ref.  31) 

...>  3 He4  ♦  20.8  MeV  [Ref.  16] 

♦  20.896  MeV  [Ref.  17] 

♦  20.9  MeV  (Ref .  311 
3He4<6.967  each)  =  20.901  MeV  [Ref.  18] 

-  - - »  n  ♦  C1 1  ♦  9.6  MeV  [Ref.  31) 

n  ( 8 . 665  )  +  cn<0.788)  “  9.653  MeV  [Ref.  18] 

--->  n  ♦  C11  --»  e*  +  B11  ♦  9.650  MeV  [Ref.  17] 

--->  d  ♦  B10  ♦  2.985  MeV  [Ref.  17] 

♦  3.0  MeV  [Ref.  31) 

d ( 2 . 6  89  )  ♦  B10<0.698>  =  2.987  MeV  [Ref.  17) 

-  - ->  t  ♦  B9  ♦  0.8  MeV  [Ref.  31) 

♦  0.805  [Ref.  17] 

t ( 0 . 606 )  ♦  89{0.202)  =  0.808  MeV  [Ref.  17] 

...>  g  ♦  c12  ♦  28.2  MeV  [Ref.  31) 

--->  He3  ♦  Be9  ♦  1.9  MeV  [Ref.  31) 


18] 
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CROSS  SECTIONS  FOR  PROM  SI  NS  PROPtRSlON  REACTIONS 


PNOM  SIN*  REACTIONS/CRITERIA 

On'  the  fotloidnj-  pages  the  croit  (tttions  for  son  of  the'  «ore  attractive 
reactions  for  propulsion  are  investigated.  Some  character i st i cs  of  an-  ideal 
reaction  for  a  propulsion  system  include*  the'  following: 

1.  No  neutron-'  productl  on . 

2.  No  gaOma-ray  production. 

3;  Exothermic  in  nature. 

4.  Achievable  ignition. 

The  reactions  examined  were-  chosen  '  m*a  i  nty-  because  ~  they-  produce- ml  n-i  ma  t  aas-unt  t 
o-f  harmful  radiation  (criteria  1  and  2).  All'  of*  the  reaction-*  are  exothermic 
(3),  which  is  an  obvi  ous  propul  s  i  on  system  requ-l  remeht'.  Achiev-ing*  ignition 
<<)  is  the  sticking  point  which  should  be  resovted  as  containment  technology 
advances . 

Four  reactions  are  considered:  IVd'HV5,  2)  He^-H*^,  31)  p>  L  i  6  ,  and' 4  )  •  p- 
1  .  Th'e  d;He^  reaction  will  likely  be  the  first  of'  these  tb  be*  utilized;  It 
produces  some  neutrons,  but  methods  tb  reduce'  them,  such'  as  s-pi  n  poi  ac  i  zo  t  i  o-n  , 
ate  being  researched.  H'e^-He^  would  be  thV  ideal  choice-  for  propulsion 
because  it'  is  completely  ane-utronic.  At  this'  time,  however,  it*  seems-*  to  be-  an 
unignitable  reaction,  as'  i l lustrated  by  the  compiled  date.  Bdth’  pi-Lif>  and-  p- 
B9*  come  close  to  bei  ng  aneut  roni  c ,  but  ignition  seem*  to  be  the-  nisjw 
obstacle  because  of  the  high  brehmsstrahlung  and  cyclotron  radietiour  e-nergy 
loss. 


CROSS  SECTION  NOTES  AND  GRAPHS 

Graphed  data  for  the  d-He*  reaction  are'  shown  in  Figure  1.  This*  reaction 
Itas  been  documented'  in  many  sources  and'  is  the-  object  o-f’  a-  nuafb-er  of  resea-r c-tr 
projects.  AS  can  be  seen,  the  curve  is  well-defined  by  the  c  l  oee-l  y  *  agree  i  ng 
sources  of  date.  There  is  some  discrepancy  as-  to-  where-  the  mex  i  mum--  occurs,  as 
it  varies  from  720  to  810  mb  a-T  the  peek  energy.  M'eth’od*  now-  need  to  be 
devised  to  minimize  neutron  production.  It  is  currently  planned  fur'  nreufran- 
producing'  branches  of  this  reset  ion  to  be  considered  in  a  future  regport.  Th’e 
remaining  concern  is  being-  able  to  achieve  the  epprox-imbtel  y  0.4-5  WeV 
temperature  at  which  the  reaction  reaches'  its  resonance  peak.  it-  is-  at  this- 
[foint  where  the  the  highest  probability  of  the  maximum  reection-  retd  is 
obtained.  If  not  obvious  from  the  graph',  the  deshed  line  corresponds  to  the 
curve  obtained  from  the  "Barn  Book"  (Pdf.  1). 
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The  cross  section  deta  for  He^-He^  are  shown  in  Figure  2.  Data  points 
found  by  Good  in  1954  are  shown  as  boxes.  The  curve  shown  was  determined  -by 
-Owara/kana  th  '  s  1971  data  (dots)  and  P-r  i  t  z-k-e  r '  s  1976  data  (X's)  [Ref.  .32]  .  -No 
.curve  peaks  (maxima)  are  readily  apparent -- the  only  possibility  be i ng  along 
the  level  curve  portion  in  the  range  of  8  to  10.4  M-eV.  A  temperature  of  this 
-magnitude  is  beyond  the  limits  of  present  confinement  technology.  Thus,  it  ia 
apparent  that  this  reaction  may  not  be  igniteble,  at  least  not  in  the  near 
future.  Even  so,  additional  data  may  provide  a  breakthrough  by  revealing  a 
peak  in  the  cross  section  curve  along  the  level  portion. 

Another  reaction  which  needs  more  data  to  adequately  define  the  cross 
section  curve  is  the  p-Li*  reaction,  shown  in  Figure  3.  The  latest  findings 
■[Ref.  4]  show  a  we  l  l - f  i  t  curve  for  the  reaction.  For  the  energy  range  common 
to  the  two  sets  of  data,  the  shape  of  the  curve  is  similar.  Additional  data 
for  the  peak  region  is  needed  so  a  precise  cross  section  value  can  be 
determined  for  use  in  experiments.  There  is  also  a  gamma-ray  producing 
-branch,  but  no  significant  data  was  found.  The  Ref.  3  curve  is  shown  without 
data  points  for  clarity. 

Figures  4  and  5  show  the  p-B11  reaction.  The  favorable  branch, 

1  1  4 

B  (p,3He  ),  is  represented  in  Figure  4.  According  to  recent  -data  collected 
at  Los  Alamos  [Ref.  33]  and  graphs  from  Ref.  34,  a  resonance  may  exist  at  a 
lower  energy  than  previously  noted  in  such  sources  as  the  Barn  -Book  [Ref .  1]. 

Though  not  shown  on  the  Ref.  4  curve,  this  unproven  spike  appears  at  0.162 
<MeV.  Otherwise,  the  general  shapes  of  the  two  curves  are  roughly  similar.  At 
lower  energies,  the  differences  begin  to  grow  quite  large.  In  Figure  .5  the 
■less  favorable  B^lp.nJC11  branch  is  detailed.  The  data  set  denoted  -by  the 
"X's"  is  small  and  departs  decidedly  from  the  other  data  curves.  One  point 
(0.2  MeV,  2.5  mb)  from  this  set  was  omitted  on  the  graph  in  order  to  -narrow 
the  spectrum  of  temperatures  shown,  thereby  increasing  detail  of  the  curves. 
The  other  two  data  sets  appear  as  though  they  could  blend  into  a  single  curve, 
if  the  h i gher - ene rgy  set  is  viewed  as  a  continuance  of  the  first.  If  figure  5 
is  compared  to  the  favorable  branch  in  Figure  4,  it  can  be  concluded  that  the 
unwanted  branch's  cross  sections  fall  off  rapidly  as  energy  drops,  provided 
the  "X"  data  points  are  ignored.  It  would  seam  that  by  staying  at 
temperatures  below  3  MeV,  the  neu t r on- pr oduc i ng  branch  would  not  become  a 
significant  factor. 

Figure  6  is  a  graph  showing  the  comparative  cross  sections  for  each  of 
the  four  fuels.  The  He^-He^  curve  is  a  reprint  of  the  earlier  graph  formed 
from  the  Dwarakanath  and  Pritiker  data.  All  other  curves  in  Figure  6  show  the 
Los  Alamos  R-matrix  data  analysis  results  [Refs.  4,33].  Some  data  points  have 
been  omitted  from  Figure  6  to  maintain  clarity;  d -  He'*  is  shown  without  them 
altogether.  For  p-B  1  the  accepted  maximum  is  reached  at  0.625  MeV  with  a 
cross-section  of  800  mb.  D  -  H  e  *  exhibits  a  peak  of  approximately  847  mb  at 
0.426  MeV.  Finally,  p-Li^  peaks  at  a  stable  219  mb  from  1.76  to  1.81  MeV.  In 
the  future  a  more  precise  curve  will  be  determined  for  each  fuel,  after 
additional  cross-section  data  is  obtained.  Brookhaven  National  Laboratory 
[Ref.  3],  Los  Alamos  National  Laboratory  [Refs.  4,33],  the  Barn  Book  [Ref.  1], 
and  the  AEP  Barnbook  [Ref.  32]  were  the  main  sources  of  data  for  these  graphs. 
It  should  be  noted  that  data  from  the  8arn  Book  are  shown  as  curves  without 
points  in  Figs.  1  and  4,  as  was  done  in  the  reference  itself. 
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CONCLUSIONS,  RECOMMENDATIONS,  AND  STUDY  OUTLOOK 


During  this  initial  phase  of  the  study,  a  great  deal  has  been  (earned 
about  thermonuclear  reactions  and  the  Meanings  of  their  cross  sections. 

Already  several  conclusions  about  available  cross  section  infornation  can  be 
drawn.  first,  most  of  the  references  that  have  been  consulted  were  generally 
10  to  20  years  old,  some  even  older.  This  May  be  due  to  the  fact  that  only 
recently  has  a  genuine  effort  been  started  to  make  fusion  space  propulsion  a 
reality.  However,  most  of  the  data  presented  here  is  less  than  10  years  old. 
Secondly,  the  safety  involved  with  an  advanced  fuel  that  is  gneutroaic  has 
been,  and  will  continue  to  be,  a  major  factor  in  the  push  for  its  development, 
finally,  it  is  surprising  that  no  significant  work  has  been  done  since  the 
1950's  to  discover  new  reactions  using  the  simple  bombardment  technique.  it 
should  be  fairly  obvious,  though,  that  the  number  of  reactions  is  quite 
plentiful,  and  the  number  which  may  await  discovery  should  not  be  large  in 
numbe  r  . 


The  conclusions  basically  center  around  the  cross  section  information 

3 

which  has  been  published  and  is  presented  here.  The  d-Me  initial  reaction's 
cross  section  data  from  many  sources  agree  well,  so  there  is  a  solid 
foundation  for  anyone  attempting  to  ignite  it.  The  other  reactions  which  have 
been  included  here  are  not  so  well  defined.  He3-He3  needs  much  more  research 
in  order  to  truly  determine  its  feasibility.  Other  than  unknown  resonance 
peaks,  a  problem  which  needs  consideration  is  the  unavailability  of  He3  for 
reaction.  Recent  studies  [Refs.  55, 3b, 371  indicate  the  noon  to  be  a  potential 
source  of  Me3.  This  makes  its  labeling  as  a  futuristic  fuel  quite 
appropriate.  p-li*  and  p-B11  need  additional  sources  of  cross  section  data  to 
determine  if  resonance  peaks  exist  at  energies  below  those  currently  indicated 
by  cross  section  data.  Each  of  them  has  a  harmful  radiation-producing  branch 
that  must  be  investigated  in  more  detail.  This  will  allow  researchers  to  be 
sure  that  the  cross  sections  of  these  unwanted  reactions  are  negligible  when 
compared  with  the  cross  sections  of  the  more  favorable  branches  at  ignition 
energies. 


from  these  conclusions  some  recommendations  can  be  presented  for 
additional  research  in  the  cross  section  field.  Sp i n- po l a r i i a t i on  and  other 
methods  to  reduce  neutron  production  in  the  d-He3  reaction  should  continue  to 
be  addressed,  as  this  reaction  appears  to  be  an  excellent  candidate  due  to  the 
c l ose l y - agree i ng  data  and  low  ignition  energy  it  possesses.  Mining  the  moon 
and  the  outer  planets  for  reactant  fuels  such  as  He3  should  continue  to  be 
investigated  for  feasibility.  If  the  He3  reactions  are  found  to  be  ignitable, 
a  plan  for  obtaining  the  He3  needed  would  already  have  a  great  start.  Precise 
measurements  for  each  reaction  near  its  l owes t - energy  resonance  peak  should  be 
one  focus  of  additional  research  in  the  area.  Another  focal  point  should  be 
the  cross-section  measurements  for  the  radioactive  particle-producing  branches 
of  each  reaction.  In  the  case  of  p-B^1,  the  possible  lower  energy  resonance 
needs  to  be  investigated  more  fully,  as  it  has  encountered  mixed  reviews 
concerning  its  validity.  As  is  obvious,  a  lower  resonance  energy  will  enable 
fusion  to  becn.ie  a  reality  sooner  than  expected  and  will  relieve  some  of  the 
stress  on  containment  technology. 


In  the  future,  this  study  will  involve  obtaining  cross  sections  and 
reactivities  for  additional  advanced  reactions.  All  of  this  data  will  be 
fitted  to  curves  and  presented  along  with  discussion  about  which  sets  of  data 
are  best.  Based  on  this  data,  and  with  parameters  such  as  nuclear  scattering 
and  various  sources  of  radiation  loss  taken  into  account,  new  ignition 
temperatures  will  be  calculated  for  each  of  the  reactions.  Additional  sources 
for  reactions  will  continue  to  be  consulted,  so  an  up-to-date  reaction 
bibliography  wilt  exist.  Eventually,  complete  fuel  cycles  will  be  detailed  to 
provide  complete  information  for  researchers  attempting  to  develop  reactions 
into  feasible  fuel  systems.  Much  of  the  new  information  will  be  the  basis  for 
computer  programs  written  to  aid  in  the  calculation  of  new  ignition 
temperatures  and  reactivities. 
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